Background: Tubulin C-terminal tail (CTT) peptides bind and block VDAC. Results: CTT-albumin chimeras show that a single CTT suffices for VDAC blockade and that CTTs differ in potency by more than an order of magnitude. Conclusion: Small sequence changes or post-translational modifications in CTT result in substantial changes in VDAC blockage. Significance: Disordered protein tails are not just charged strings, but embody nuanced interaction specificity.
It was previously shown that tubulin dimer interaction with the mitochondrial outer membrane protein voltage-dependent anion channel (VDAC) blocks traffic through the channel and reduces oxidative metabolism and that this requires the unstructured anionic C-terminal tail peptides found on both ␣-and ␤-tubulin subunits. It was unclear whether the ␣-and ␤-tubulin tails contribute equally to VDAC blockade and what effects might be due to sequence variations in these tail peptides or to tubulin post-translational modifications, which mostly occur on the tails. The nature of the contribution of the tubulin body beyond acting as an anchor for the tails had not been clarified either. Here we present peptide-protein chimeras to address these questions. These constructs allow us to easily combine a tail peptide with different proteins or combine different tail peptides with a particular protein. The results show that a single tail grafted to an inert protein is sufficient to produce channel closure similar to that observed with tubulin. We show that the ␤-tail is more than an order of magnitude more potent than the ␣-tail and that the lower ␣-tail activity is largely due to the presence of a terminal tyrosine. Detyrosination activates the ␣-tail, and activation is reversed by the removal of the glutamic acid penultimate to the tyrosine. Nitration of tyrosine reverses the tyrosine inhibition of binding and even induces prolonged VDAC closures. Our results demonstrate that small changes in sequence or post-translational modification of the unstructured tails of tubulin result in substantial changes in VDAC closure.
Tubulin is the subunit of microtubules, but it is also a freely diffusing cytoplasmic protein that can find binding partners distinct from those for microtubules. One of these is the mitochondrial outer membrane protein VDAC, 3 which mediates small molecule traffic into and out of the mitochondria (1). It was previously shown that tubulin binding to VDAC blocks channel traffic and reduces oxidative metabolism (2, 3) and that this requires the unstructured anionic tail peptides found on both ␣-and ␤-tubulin subunits (2). However, those studies left unclear whether the tails contribute equally to VDAC blockade, as well as the role, if any, of tubulin post-translational modifications, which mostly occur on the tails. Earlier studies showed that anionic polymers could cause VDAC closure, but gave no indication of sequence sensitivity (4, 5) .
Here we use single molecule binding studies to show that channel closure is due to the tails themselves, because grafting them to albumin produces closure very similar to that induced by tubulin. We show that the ␤-tail is ϳ30-fold more potent than the ␣-tail and that this difference is largely due to the presence or absence of a terminal tyrosine. Detyrosination activates the ␣-tail, and activation is reversed by subsequent removal of the next residue. We also show that nitration of tyrosine reverses the tyrosine inhibition of binding and even induces prolonged VDAC closures. Our results demonstrate that small changes in sequence or post-translational modification of the disordered tails of tubulin result in substantial changes in VDAC closure. We expect that this pattern will be found again when comparing the numerous isotypes of ␣-and ␤-tubulin, as well as other post-translational modifications. Our study also provides a sensitive system to study the biology of disordered protein sequences.
Experimental Procedures
Materials-Bovine tubulin was obtained from Cytoskeleton (Denver, CO). Lipids were obtained from Avanti Polar Lipids (Alabaster, AL). Crosslinking reagents were from Solulink (San Diego, CA). Wild-type ␣-hemolysin was purchased from Merck (Darmstadt, Germany). All peptides were synthesized by Peptide 2.0 (Chantilly, VA), with purity Ͼ95% confirmed by HPLC and masses confirmed by mass spectrometry. The default ␣-and ␤-peptide sequences were: ␣ (TUBA1A, NP_001257328.1) and ␤ (TUBB, Class I, NP_821133.1).
Protein Purification-VDAC from Neurospora crassa mitochondrial outer membranes was isolated and purified as described in Ref. 2 with minor modifications. The wall-less N. crassa mutant (FGSC number fz;sg;os-1) was obtained from the Fungal Genetics Stock Center, Kansas City, MO. Cells were lysed in buffered detergent (2.5% Triton X-100, 15% DMSO, 50 mM KCl, 10 mM Tris, 1 mM EDTA, pH 7.0) passed ϳ10ϫ through a Monoject 200 needle and then ϳ10ϫ through a Monoject 250 needle. Cell lysate was run over a dry hydroxyapatite:Celite column (2:1), and eluted with ϳ2 ml of buffered detergent. Four ϳ500-l samples were collected and stored at Ϫ20°C.
VDAC from rat liver was isolated using published methods (6) with slight modification. Frozen rat liver fractions (from Dr. Marco Colombini, University of Maryland, College Park, MD) were allowed to thaw, and then centrifuged (10,000 ϫ g) at 4°C for 10 min. The supernatant was discarded, and membranes were incubated in buffered detergent (see above) for 10 min on ice, vortexing for 20 s every 2 min. Samples were centrifuged (14,000 ϫ g) at 4°C for 10 min, and the supernatant was run using the same protocol as for N. crassa (see above).
Production of Protein-Peptide Constructs-Peptides corresponding to the sequences of tubulin C-terminal tail (CTT) were grafted to BSA (and other proteins) using a "click chemistry"-based protocol using the reaction between hydrazines and carbonyls. The ratio of peptides to protein was kept low (0.5 or less usually) so that most proteins had only one peptide, if they had any (most had none). Peptides were tagged on the N-terminal amine using succinimidyl-6-hydrazino-nicotinamide (HyNic, Solulink). This was added from a DMSO stock to a final concentration of ϳ7 mM in a solution of the peptide (2 mM) in PBS-borate buffer, pH 8.3-8.5. Reaction was allowed to proceed for 2 h at room temperature. Tagged peptide was separated from free HyNic using gel filtration on columns of BioGel P2 (Bio-Rad) equilibrated in conjugation buffer (100 mM sodium phosphate, 100 mM NaCl, pH 6.) BSA (or other proteins) was tagged with N-succinimidyl-4-formylbenzamide (S-4FB, Solulink). BSA at 0.15 mM in PBSborate buffer, pH 8.3-8.5, was mixed with a sample of DMSO stock of S-4FB to yield a final concentration of 0.33 mM, and the reaction were allowed to proceed for 2 h at room temperature. Unreacted S-4FB was removed by gel filtration using Zeba 7-kDa spin columns (Thermo Fisher Scientific) equilibrated in conjugation buffer.
Conjugation of 4FB-BSA (S-4FB conjugated with BSA) and peptide-S-HyNic was accomplished by combining the tagged protein and peptide at a stoichiometry of 2 peptides to BSA (ϳ0.2 mM peptide-HyNic and 0.1 mM 4FB-BSA). Reaction proceeded overnight at 4°C. Unconjugated peptide was removed by gel filtration using a Zeba 40-kDa spin column (Thermo Fisher Scientific), equilibrated in PBS.
The concentration of BSA and the concentration of the peptide conjugate were obtained from a UV-visible absorbance spectrum. Absorbance at 350 nm gave the peptide conjugate absorbance from the chromophore produced in the conjugation reaction, and the corrected absorbance at 280 yielded the BSA concentration.
Lipid Bilayers, Channel Reconstitution, and Event AnalysisLipid bilayer membranes were formed by the lipid monolayer opposition technique from diphytanoyl-phosphatidylcholine, on a circular aperture in a Teflon partition (E. I. DuPont de Nemours) dividing two (cis and trans) compartments of the experimental chamber as described previously (2, 6) . VDAC insertion was achieved by adding protein in a 2.5% Triton X-100 solution to the aqueous phase of 1 M KCl buffered with 5 mM Hepes at pH 7.4 in the cis compartment while stirring. ␣-Hemolysin was added to the cis side solution of the chamber from a diluted water stock solution of ϳ300 nM containing 8 M urea. Applied transmembrane voltage is defined as positive if potential is higher on the cis side of the chamber. Ion current measurements were performed using Axopatch 200B amplifier (Molecular Devices, Eugene, OR). The output signal was filtered by the amplifier 10-kHz filter and in-line low-pass eightpole Butterworth filter (Model 9002; Frequency Devices, Ottawa, IL) at 15 kHz and directly saved into the computer memory with a sampling frequency of 50 kHz. Event on-rate and lifetime analysis was performed using ClampFit 10.2 (Molecular Devices) and by ORIGIN 8.2 software (OriginLab, Northampton, MA). BSA constructs were added to the membrane-bathing solutions after channel reconstitution. Statistical analysis of the blockage events was started 15 min after BSA addition to ensure steady state. Lifetimes ( on ) were calculated by fitting a single exponential to logarithmically binned histograms of at least 100 open (unblocked state) events. On-rates were calculated as the inverse of the on multiplied by the concentration of chimera added to the bath. Standard deviations are depicted as the average of at least three independent experiments for a given applied potential.
Results
Like many intrinsically disordered protein tails (7), the tubulin CTT are sites of interaction with other proteins and sequence differences between isotypes. The CTT are also a major focus of post-translational modifications that comprise the "tubulin code" (8) . In the microtubule, these tails form a charged brush surrounding the microtubule (9 -12) and, in this context, the post-translational modifications are recognized to regulate binding of other proteins (13) .
The previous study (2) of tubulin-VDAC binding demonstrated that the CTT also have important functions in the dimer, because proteolytic removal of the tails (producing a tubulin globular body without tails) eliminated VDAC blockade. The free tails alone were also unable to cause VDAC closure, indicating that a body is required to anchor the tail, although perhaps this body could be a protein other than tubulin.
To address this, and to examine the tails individually rather than in pairs as in dimeric tubulin, we chose to pursue an approach in which we chemically link a CTT peptide to a non-interacting protein. After trying several other proteins, we chose BSA for this purpose because it is similar in size and charge to the globular body of ␣-and ␤-tubulins and does not measurably interact with VDAC. This allowed us to make small libraries of constructs using a click chemistry procedure described under "Experimental Procedures" and to create constructs with non-genetically codable modifications.
The sequences of the CTT peptides are presented in Fig. 1 . The sequences correspond to gene-coded human ␣-and ␤-CTT (see under "Experimental Procedures" for sequence accession numbers), as well as ␣-CTT following the removal of the terminal Tyr, the removal of the terminal Tyr and the preceding Glu, and the non-natural sequence of ␤-CTT terminating in Tyr rather than Ala.
Activity of these BSA-peptide constructs was measured by analyzing the effects of constructs on the ion current through single VDAC channels in the electrophysiological setup described previously (Ref. 2, and also see under "Experimental Procedures"). The constructs were added to the aqueous potassium chloride solutions bathing planar lipid bilayers with reconstituted VDAC molecules. The representative results of the currents through single VDAC channels are shown in Fig. 2 , and analysis of the on-rates is given in Fig. 3 . As can be seen, the addition of 150 nM BSA-␤ construct caused intermittent current interruptions similar to those previously found for tubulin-VDAC interactions (2): rapidly reversible (msec) events that reduce channel conductance by ϳ60%. This single closure level is distinct from the multiple closure levels induced by voltage alone, is characteristic of tubulin binding, and is sufficient to cause channel blockage for molecules the size of ATP and ADP (14) .
Surprisingly, the addition of BSA-␣ to the same concentration had virtually no effect on conductance of the channel. This is remarkable because the two peptides are very similar in properties (60 -70% Glu or Asp residues in the C-terminal 14 residues) and identical in 6 residues. We confirmed that simple charge was not the critical characteristic, consistent with previous observations with oligonucleotides (4), because VDAC closure was not induced by either of two poly-Glu constructs, BSA-E 10 (same number of charges as BSA-␤) or BSA-E 15 (more charges, nearly the same length as BSA-␤) (data not shown). To test whether the failure of BSA-␣ to affect the channel conductance was due to its slightly shorter length as compared with the BSA-␤ construct (Fig. 1) , we made a construct using an ␣-peptide extended by N-terminal addition of the residues ATA so that the construct has the same length and N-terminal sequence as the BSA-␤ construct. This had no effect on its interaction with VDAC (Fig. 4) .
We also examined the question of channel generality. The N. crassa VDAC that we used has advantages for these experiments, because there is only one form (unlike mammalian VDACs, which have several isotypes) and because we wanted continuity with previous publications (2) . To address the possibility that the difference in activity between BSA-␤ and BSA-␣ might be restricted to this VDAC, we repeated experiments with VDAC isolated from rat liver and found similar differences between the BSA-␤ and BSA-␣ constructs. The results presented in Fig. 5a show on-rates of BSA constructs binding as a function of transmembrane voltage for this VDAC. Besides dramatically higher channel affinity found for the ␤-tail construct, one can see that elevated voltages also increase the frequency of VDAC blockage by the ␣-tailed BSAs.
In addition, we tested BSA constructs with a completely different ␤-barrel channel-forming protein, ␣-hemolysin (15), known for its ability to interact with an array of biopolymers, including unstructured proteins (16, 17) . We found that the BSA-␤ and BSA-␣ constructs interact with ␣-hemolysin in a similar voltage-dependent manner; however, the voltage required to induce the channel-BSA interaction is significantly larger (Fig. 5b) . Most importantly, the results obtained with ␣-hemolysin demonstrate that BSA-␤ and BSA-␣ constructs do not exhibit any measurable specificity in blocking this channel (Fig. 5b, bottom panel) . The corresponding on-rates virtually coincide in the whole range of the studied voltages. In other words, ␣-hemolysin does not seemingly discriminate between the two constructs, thus supporting our conjecture regarding the sequence specificity in interaction of tubulin tails with mitochondrial VDACs.
We then looked at differences in the peptides to understand the difference in activity between BSA-␤ and BSA-␣. We found that removing the terminal Tyr from BSA-␣ (BSA-␣(ϪY)) restored activity to this construct, whereas replacing the terminal Ala with Tyr on BSA-␤ (BSA-␤(ϪAϩY)) quenched activity (Figs. 2 and 3) . Surprisingly, removing from BSA-␣ the penultimate Glu as well as the terminal Tyr (BSA-␣(ϪEY)) resulted in lost activity. Replacing the terminal Tyr with nitrotyrosine yielded a construct that was not only able to cause closure, but actually caused quite extended closures (Fig. 6 ).
Discussion
These results show that VDAC blocking by tubulin dimer is by the unstructured tail, and not by the tubulin body, because grafting ␤-CTT to BSA (and to other proteins; data not shown) induced the same blocking events as tubulin. These results also show that grafting of the tails to a body is required because we previously showed that the free tail peptides alone do not cause closure (2), but, importantly, that grafting need not be to the tubulin body itself. The difference in affinity between constructs with BSA and tubulin (on-rates, Fig. 3) is likely due to a lipid-dependent affinity of tubulin body for the membrane (18) as has been often reported (reviewed in Ref. 19 ). The significantly reduced activity of BSA-␣ as compared with BSA-␤ in blocking VDAC was surprising, hinting that small differences in peptide sequence or chemical structure may be significant, and suggesting that the activity we reported with tubulin dimer was due almost solely to ␤-tubulin CTT-VDAC interaction.
To search for differences between the peptides that explain the more than an order of magnitude difference in activity, we started with a construct that corresponds to the product of a major tubulin post-translational modification: the removal of the terminal Tyr residue of the ␣-CTT. This evolutionarily ancient post-translational modification of tubulin is usually related to microtubule stability and binding of other proteins to the microtubule (13) , although also implicated in rapid shifts during cellular signaling (20, 21) .
Surprisingly, removing the terminal Tyr from the ␣-CTT peptide to form the construct BSA-␣(ϪY) activated the construct-VDAC binding to a potency close to that of the BSA-␤ construct (Figs. 2 and 3) . Furthermore, replacement of the terminal Ala with a Tyr on ␤-CTT peptide (BSA-␤(ϪAϩY)) reduced construct-VDAC binding activity by an amount similar to the difference between BSA-␣ and BSA-␣(ϪY) (Figs. 2 and 3) . These results show that the presence or absence of a tyrosine residue at the end of the tail peptide is the controlling element in determining whether these tail peptides are potent VDAC blockers or not, apparently overriding other differences between the peptides preceding the C terminus. Replacing the terminal Tyr with a terminal Phe (BSA-␣(ϪYϩF)) produced a construct as inactive as the ␣-CTT construct, BSA-␣ (Fig. 4) , suggesting that a bulky aromatic group at the C terminus is the inactivating moiety.
In the absence of a terminal Tyr, other small changes in sequence can determine activity. One such change is the removal of the Glu residue preceding the Tyr, producing ␣-CTT(ϪEY), the known variant "⌬2-tubulin" (22) . Although the C-terminating residue is Glu in both BSA-␣(ϪY) and BSA-␣(ϪEY), the tail with two residues deleted is as inactive as the full-length tail (Fig. 2) .
We then tested the effect of incorporation of nitrotyrosine (NO 2 -Tyr) at the terminus of full-length ␣-CTT. The removal and replacement of Tyr from the end of the ␣-CTT is a normal posttranslational modification cycle, but this can be altered when NO 2 -Tyr is introduced due to constitutive synthesis, oxidative stress, or other means (see review in Ref. 23 ). It has been suggested that the incorporation of NO 2 -Tyr into ␣-tubulin may be harmful in vivo and that the observed accumulation of ⌬2-tubulin in patient tumors provided resistance to chemotherapy agents by rendering this tubulin incapable of retyrosination-driven incorporation of NO 2 -Tyr produced in response to chemotherapy (24, 25) . However, the nature of the putative harmful effect(s) of NO 2 -Tyr incorporation was not revealed (26) . We tested a BSA-␣-NO 2 construct and found that it differed remarkably from BSA-␣ (Fig. 6) ; it is able to cause channel closure to the same 60% closed state as BSA-␤ or intact tubulin, and more remarkably, it causes closures that are very long (more than 10 min), essentially irreversible on the time scale of the experiment. We conclude from these studies that the interaction between the tubulin dimer and VDAC is determined by the disordered tail peptides and that small changes in sequence or post-translational modification of these tails result in substantial changes in VDAC closure. We expect this pattern to be repeated when the numerous isotypes of ␣-and ␤-tubulin are compared.
Because different tissues express differing tubulin isotypes and differing post-translational modifications, this suggests that VDAC closure, and therefore mitochondrial regulation, may change in different tissues. These results also demonstrate that disordered protein tails, even if highly charged, are not just charged strings, but embody nuanced specificity for interaction.
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